Cephalexin synthesizing enzyme (CSE) of Gluconobacter oxydans ATCC 9324 was purified up to about 940-fold at a yield of 12%. CSE biosynthesis in G. oxydans was found inducible in the presence of D-phenylglycine but not its substrate phenylglycine methyl ester. The purified enzyme was shown homogeneous on SDS-PAGE and exhibited a specific activity of 440 U per mg protein. The apparent molecular mass of the native enzyme was estimated to be 70 kDa over a Superdex 200 gel filtration column and 68 kDa on SDS-PAGE, indicating that the native enzyme is a monomer. Its isoelectric focusing point is 7.1, indicating a neutral character. The enzyme had maximal activity around pH 6.0 to 6.5, and this activity was thermally stable up to 40 C. Synthesis of cephalexin from Dphenylglycine methyl ester and 7-amino-3-deacetoxycephalosporanic acid (7-ADCA) by the purified CSE was demonstrated. Its L-enantiomer was not accepted by CSE. Apart from cephalexin, ampicillin was also synthesized by the purified CSE from its acyl precursors and 6-aminopenicillanic acid (6-APA). Substrate specificity studies indicated that the enzyme required a free amino group and an activated carboxyl group as a methyl ester of D-form phenylglycine. Interestingly, the purified enzyme did not catalyze hydrolysis of its products, e.g., cephalexin, cephradine, and ampicillin, in contrast to enzymes from other strains of Pseudomonadaceae.
common way to produce -lactam antibiotics is to couple the acyl moieties with the nuclei, e.g., 7-amino-3-deacetoxycephalosporanic acid (7-ADCA) or 6-aminopenicillanic acid (6-APA), by synthetic chemistry. The synthetic chemistry can suffer from low yield after processing the large number of synthetic steps, e.g., protection of the amino group of acylating agent and carboxyl group of nucleus and deprotection after coupling. Chemical pollution to the environment is another concern. Several enzymes, ex. cephalexin synthesizing enzyme (CSE), ampicillin acylase, andamino acid ester hydrolase, which are capable of catalyzing the coupling reaction between the acylating agents and the nuclei, have been reported. [1] [2] [3] The socalled semisynthetic -lactam antibiotics are made by using enzyme to catalyze the last step coupling reaction without application of protection and de-protection chemistry to afford the desired antibiotic product. 4) A common feature of these ligation enzymes is that they are able to hydrolyze the acyl moiety of the semisynthetic -lactam antibiotics synthesized. [1] [2] [3] 5, 6) This reported reversible synthetic activity has jeopardized their application potential for large-scale production of -lactam antibiotics.
Gram-negative G. oxydans, a strictly aerobic, rodshaped bacterium, belongs to the Pseudomonadaceae family. It can oxidize glucose to 2,5-diketogluconate, an intermediate in L-ascorbate synthesis. 7) It can also synthesize cephalexin from D-phenylglycine methylester and 7-ADCA. 8) This paper describes purification and characterization of inducible CSE from G. oxydans ATCC 9324. Our interest in the cephalexin synthesizing enzyme from this bacterium led us to find that the synthetic activity is irreversible, unlike enzymes from other organisms. The expression of CSE by G. oxydans ATCC 9324 was found inducible by the addition of D- phenylglycine. The possible mechanism of this induction effect is discussed.
Materials and Methods
Chemicals. 7-ADCA, D-phenyglycine, ampicillin (AP), penicillin G, penicillin V, cephalosporin C, and cephalexin (Cex) were purchased from Sigma (St. Louis, MO, U.S.A.). D-phenylglycine methylester HCl (PGM) was purchased from Wako Pure Chemicals (Osaka, Japan). Dihydrophenylglycine methylester and cephradine were obtained from the China Chemical and Pharmaceutical Company (Taipei, Taiwan, R.O.C.). CM Sepharose CL-6B was the product of Pharmacia Biotech (Sweden). Econo-Pac CM Cartridge and the molecular weight marker proteins were purchased from Bio-Rad Laboratories (Richmond, CA, U.S.A.). Peptone and yeast extract were the products of Difco Laboratories (Detroit, MI, U.S.A.). All chemicals for electrophoresis were purchased from Bio-Rad Laboratories (Richmond, CA, U.S.A.). Protein standards as molecular weight markers were purchased from Bio-Rad, Pharmacia, or Sigma.
Microoganism and cultivation conditions. G. oxydans ATCC 9324 was grown at 30 C in a Mannitol Broth containing 0.3% peptone, 0.5% yeast extract, and 2.5% mannitol. pH was adjusted to 7.0. Cells were harvested at the late exponential growth phase with a Beckman centrifuge and the cell paste was stored at À20 C until needed.
Induction of CSE expression. In order to increase the yield of production of CSE, compounds, including phenylacetic acid, D-phenylglycine, D-phenylglycine methylester, and phenylacetic acid ethylester, were tested for induction of CSE expression by G. oxydans. Briefly, an overnight culture of G. oxydans ATCC 9324 was first diluted 10-fold into 10 ml in triplicate using the above described Mannitol Broth, freshly prepared and pre-warmed to 28 C. The compound for testing was added after the diluted culture was shaken for 90 min at 28 C. After a further incubation for 4 h at 28 C, cells were harvested by centrifugation, washed with 0.1 M phosphate buffer (pH 7.0), and then suspended in l ml of the same buffer for sonication with an ultrasonicator (Soniprep 150, MSE, England). Cell lysate was used for determination of enzyme activity. The expression level of CSE was presented as total enzyme activity in units (Us). One U was defined as the amount of enzyme that catalyzes the formation of 1 mmol of Cex per min.
Growth of cells for production of CSE. G. oxydans ATCC 9324 was grown in the above Mannitol Broth supplemented with D-phenylglycine (3.5 mg/ml) and cultivated at 28 C for 48 h on an orbital shaker (Hotech Instrument Corp, Taiwan, R.O.C., Model 706R) at 100 rpm. Cells were harvested by centrifugation at 3000 Â g for 10 min. The cell pellet was suspended in 30 mM phosphate buffer (pH 7.0) and collected by centrifugation again. The cell cake was stored at À20 C until needed.
Purification of enzyme. All steps were carried out at 4 C unless otherwise specified. Initially, cells (wet weight, 10 g) were suspended in 30 mM sodium phosphate (pH 6.0, Buffer A) and was homogenized by passing the suspension through a French press at 75 kg/ cm 2 . The solution was centrifuged for 30 min at 30;000 Â g. The clear enzyme extract was saturated to 30% ammonium sulfate and then centrifuged at 30;000 Â g for 30 min. The resultant supernatant was saturated further to 60% ammonium sulfate. After centrifugation, the collected precipitate was dissolved in 20 ml of phosphate buffer A and dialyzed overnight against the same buffer. The dialysate was centrifuged to remove the insoluble precipitate. After loading of the then clear dialysate on a CM Sepharose CL-6B column (1:0 Â 30 cm), pre-equilibrated with phosphate buffer A, two bed volumes of the same buffer were used to wash the loaded column; elution was carried out using a linear NaCl gradient (from 0.1 to 0.2 M) over 100 ml in buffer A at a flow rate of 24 ml/h. Two ml fractions were collected. Fractions shown active were pooled (6 ml) and dialyzed against buffer A for 12 h. The resultant dialysate was put on an Econo-Pac CM Cartridge pre-equilibrated with buffer A and eluted using NaCl gradient from 0.1 to 0.2 M over 50 ml in buffer A. The active fractions were pooled and dialyzed against phosphate buffer A. Finally, the purified enzyme solution was concentrated by ultrafiltration and used for enzyme characterization throughout this study.
Assay of enzyme activity. Enzyme was added to a standard reaction mixture containing 7-ADCA (20 mM) and PGM (60 mM) in 20 mM phosphate buffer (pH 6.0) in a final volume of 20 ml for incubation at 37 C for around 15 min. The reaction was quenched quickly by transfer to an ice bath. Cex formed was measured by high-performance liquid chromatography (HPLC) according to the method described by Liu and Lee. 8) Specific activity was determined for monitoring purification process and expressed as U per milligram of protein. In measuring the formation of ampicillin, 6-APA was used in place of 7-ADCA in the reaction mixture. Protein was estimated by the method of Lowry et al., using bovine serum albumin as a standard. 9) Due to an incomplete hold of the authentic standards of cephalosporin -lactam antibiotics in our lab, substrate specificity studies were carried out by measuring the formation of penicillin -lactam antibiotic. Each authentic penicillin -lactam antibiotic was used as a standard and the activity found was calculated as the percentage of formation of Cex.
For the test for thermal stability of the enzyme activity of Cex synthesis, the purified CSE (1 mg/ml) was pretreated at the indicated temperatures (25, 30, 35, 40, 41, 42, 43, 44, 45 C as in Fig. 1 ) for 10 min. The remaining enzyme activity of Cex synthesis was measured using the above method. For determination of the influence of pH and phosphate ion on the enzyme activity of Cex synthesis, incubations at various pH and phosphate concentrations were done.
In the experiment of hydrolysis by CSE, 100 mg/ml of -lactam antibiotic was used for incubation with enzyme at 37 C in 30 mM phosphate buffer (pH 6.5) for abount 15 min. The reaction was terminated by transfer to the ice bath. The 7-ADCAor 6-APA formed in the reaction mixture was measured by HPLC according to the method described previously. 8) One U of hydrolytic activity of CSE was defined as mmol of 7-ADCA or 6-APA formed per min.
Measurement of molecular mass. The molecular mass of the native form of CSE was estimated using a Superdex 200 gel filtration column on FPLC. The protein standards used were apoferritin (443 kDa), -amylase (200 kDa), bovine serum albumin (67 kDa), and ovalbumin (43 kDa). 15% SDS-PAGE in vertical slabs (10 Â 8 cm) by the method of Laemmli was used to determine the purity of the enzyme and the molecular mass in the denatured form of CSE.
10) The protein standards used were phosphorylase b (97.4 kDa), bovine serum albumin (66.2 kDa), ovalbumin (45.0 kDa), carbonic anhydrase (31.0 kDa), trypsin inhibitor (21.5 kDa), and lysozyme (14.4 kDa). The gels were stained with Coomassie Brilliant Blue R-250.
Measurement of isoelectric point. Isoelectric focusing was done with Phast Gel (IEF 3-9 media) using the Phast System (Pharmacia Biotech). After electrophoresis, the gel was stained with Coomassie Brilliant Blue R-250. The isoelectric point of the band was determined using a calibration curve obtained with standard pI markers, soybean trypsin inhibitor ( 
Results
Inducer of CSE Among the speculative inducers screened, D-phenylglycine in concentration for testing was found capable of inducing biosynthesis of CSE in G. oxydans (Table 1) . Further studies showed that this inductive effect is concentration dependent and that the optimal concentration of D-phenylglycine is 3.5 mg/ml for the expression level of CSE up to 3-fold in comparison to the control incubation with no D-phenylglycine added (Fig. 1) . Also, the induction effect does not come from utilization of D-phenylglycine by CSE since D-phenylglycine is not a substrate (see below). Among other derivatives tested, the CSE substrate D-phenylglycine methyl ester does not have an effect to any obvious extent. The other nucleus substrate, 6-aminopenicillanic acid, did not affect intracellular CSE synthesis by G. oxydans at all. Also, when derivatives, deprived of the amino group, phenylacetic acid and phenylacetic acid ethyl ester were tested, the effect was not significant. These results suggest that D-phenylglycine is a specific inducer of CSE biosynthesis in G. oxydans.
Purification of the enzyme
The enzyme was purified about 940-fold at a yield of 12% ( Table 2 ). The purified enzyme exhibited a specific activity of 440 U/mg. The purified sample gave a single band on SDS-PAGE, giving an estimated molecular mass of 68 kDa (Fig. 2) and stopped migration as a single band on pH gradient gel at pH 7.1, indicating a C, was used for determination of enzyme activity, as described in ''Materials and Methods''. The expression level of CSE was presented as total enzyme activity in units (Us). One U was defined as the amount of enzyme that catalyzes the formation of 1 mmol of Cex per min. neutral character (Fig. 3) . Using a Superdex 200 gel filtration column, the fractionated CSE protein was estimated to be around 70 kD both by the calibration curve derived from using protein standards (Fig. 4) and by measuring its coupling activity. This indicated that the native form of CSE is a monomer of about 68-70 kD.
The activity of CSE
The coupling between the acyl moiety D-phenylglycine methyl ester and the nuclei 7-ADCA was demonstrated by using the purified CSE, and the formation of product cephalexin was monitored using HPLC. It was found that the purified CSE is also capable of coupling D-phenylglycine methyl ester with 6-APA into ampicillin, a penicillin -lactam antibiotic. Both cephalosporin and penicillin formation activities were found to be comparable in the condition used. It was decided to investigate the substrate specificity of the acyl moiety based on measuring the formation of penicillin rather than cephalosporin -lactam antibiotic due to an incomplete hold of authentic cephalosporinlactam antibiotics for our studies using HPLC. The activity found was calculated as a percentage of that of cephalexin formation. The results are shown in Table 3 . The L-enantiomer of phenylglycine methyl ester was shown not active within the detection limit. Thus, this coupling reaction is strictly stereospecific. However, some reduction of activity was noticed when a racemic mixture of DL-phenylglycine methyl ester was tested. It seems that the L-enantiomer has a certain inhibitive effect on this coupling activity of CSE. Precursors of the acyl moiety with its free carboxylic group, such as D or L-phenylglycine, could not be used by CSE for the coupling reaction. Analogues of phenylglycine methyl ester with no -amino group, such as phenylacetic acid a One U of activity was defined as the amount of enzyme which synthesizes 1 mmol of cephalexin per min at 37 C in 20 mM phosphate buffer (pH 6.0). b Specific activity (Sp act) was defined as mmol of Cex formed per milligram of protein per min, e.g., (U/mg). c Purification fold was based on the specific activity at a purification step divided by the specific activity of the starting material. methyl ester and phenoxyacetic acid ethyl ester, were found not to be active. As expected, phenylacetic acid with free carboxylic acid and with no -amino group was found not to be active at all.
The optimal condition for synthesis activity of CSE was elaborated in the case of cephalexin synthesis. Following our previous work and others', phosphate buffer was used in our studies. 1, 2, 8) It was found that the coupling activity of CSE varied with different concentrations of phosphate, reaching the maximum activity at 30 mM (Fig. 5) . The activity of CSE-catalyzed coupling reaction between D-phenylglycine methyl ester and 7-ADCA varied over pH range, reaching optimal at pH 6.0-6.5 (Fig. 6) . The influence of temperature on this coupling reaction was studied. It was found that CSE is active below 37 C (data not shown) and is thermally stable up to 40 C for 10 min (Fig. 7) . In the optimal condition for synthesis of cephalexin by CSE, worked out as above, the reverse activity, hydrolysis of the acyl moiety off the CSE product, was not observed when cephalexin, cephradine, or ampicillin Gel filtration using a superdex 200 column (2:6 Â 60 cm) on FPLC (Pharmacia) was carried out. The molecular weight markers used were apoferritin (443 kDa), -amylase (200 kDa), bovine serum albumin (67 kDa), and ovalbumin (43 kDa). The arrow indicates the log value of the calculated molecular weight of CES in kDa. The purified CSE (1 mg/ml) was incubated at the indicated phosphate concentrations and the reaction was quenched quickly by transfer to an ice bath. The enzyme activity of cephalexin synthesis was measured according to the method described in ''Materials and Methods ''. was tested in the hydrolysis experiment (data not shown).
Discussion
We report on the biochemical characterization of the homogeneously pure CSE of G. oxydans ATCC 9432. The native enzyme is a monomer of about 70 kDa, in contrast to those reported synthesizing enzymes for semisynthetic -lactam antibiotic, from other strains of Pseudomonadaceae; ampicillin acylase, composed of two identical subunits, 1) -amino acid ester hydrolase, composed of four identical subunits, 2) and cephalexin synthesizing enzyme, composed of four subunits. 3) Furthermore, as reported, ampicillin acylase, -amino acid ester hydrolase, and cephalexin synthesizing enzymes from other strains of Pseudomonadaceae catalyze both synthesis and hydrolysis of ampicillin, cephaloglycine, cephalexin, etc. Our main interest is the potential application of CSE in the industrial production of clinically useful -lactam antibiotics. We found that the purified CSE of G. oxydans is able to carry out coupling of the acyl moiety with the nucleus 7-ADCA and 6-APA to form -lactam antibiotics, e.g., cephalexin, cephradine, and ampicillin. The stereospecificity and structural requirement of both the -amino group and the carboxylic group, the latter protected as the methyl ester, for this coupling activity were revealed. It was shown that the concentration of phosphate buffer has an effect on the synthetic activity of CSE. Maximal enzyme activity appeared at a phosphate concentration of about 30 mM at pH 6.0 and was apparently reduced when the concentration of phosphate was over 30 mM. The negative effect might be due to binding of phosphate to CSE, analogous to binding of phosphate to bovine plasma amine oxidase.
11) Furthermore, the speculated reverse hydrolytic reaction was rigorously tested. Interestingly, we confirmed that CSE of G. oxydans under the optimal condition for synthetic activity did not hydrolyze three -lactam antibiotics tested in high concentration, e.g., cephalexin, cephradine, and ampicillin, which can be synthesized from its acyl and nucleus precursor by the purified CSE, as shown above. This irreversible synthetic activity of semisyntheticlactam antibiotics deserves further consideration for possible application in carrying out large-scale enzymatic production of semisynthetic -lactam antibiotics in high yield.
Investigation of the effects of different compounds related to the structure of the precursor of cephalexin on the production of intracellular CSE in G. oxydans ATCC9324 indicated that CSE biosynthesis is inducible specifically in the presence of D-phenylglycine as an inducer. It was shown that both the -amino group and the free carboxylic group of D-phenylglycine are required for this concentration dependent inductive effect. The low amount of the enzyme produced by G. oxydans in Mannitol Broth without the addition of an inducer can be considered as basal synthesis. The exact mechanism of this concentration dependent inductive effect of D-phenylglycine on CSE expression remains to be pursued. Purified CSE (1 mg/ml) was incubated at various pH as indicated and the reaction was quenched quickly by transfer to an ice bath. The enzyme activity of cephalexin synthesis was measured according to the method described in method section. The purified CSE (1 mg/ml) was pretreated at the indicated temperature for 10 min and reaction was quenched quickly by transfer to an ice bath. The remaining enzyme activity of cephalexin synthesis was measured according to the method described ''Materials and Methods''.
